BACKGROUND {#sec1-1}
==========

In the United States, prostate cancer is the most common cancer in men (aside from skin cancer) and is the second leading cause of cancer-related deaths in the United States. About one in six men (192,280 in the US in 2009) will be diagnosed with prostate cancer during their lifetime, with 27,360 dying of their disease; therefore, comprising 10% of cancer-related deaths in men.\[[@ref1]\] Similar to breast cancer, bone is the most common site for metastasis, and its involvement is a major cause of morbidity.\[[@ref2]\] Breast cancer is the number one cancer in women. According to the National Institute of Health and the National Cancer Institute, one in every eight women has a risk of developing cancer over their lifetime (194,280 in the US in 2009).\[[@ref1]\] Most of the deaths (40,610 in the US in 2009) associated with breast cancer are the result of metastasis and its physiologic effects on morbidity and mortality.\[[@ref1]\] Bone is the most common metastatic site, with 65-75% of the women having metastatic lesions to the skeleton.\[[@ref3]\]

Once either of these malignancies metastasize to bone, therapy is mostly palliative to improve the patent\'s quality of life and to reduce morbidity where possible.\[[@ref4][@ref5]\] Among the treatments currently being used as preventatives are bisphosphonates (BPs), a vital component in the management of skeletal-related events (SRE).\[[@ref6][@ref7]\] BPs, such as zoledronic acid (ZA), are shown to decrease and postpone the onset of SREs, reduce tumor-induced hypercalcemia and relieve bone pain. BPs have a strong affinity for hydroxyapatite and are known to concentrate within bone, and shift bone turnover by inhibiting osteoclasts and promoting osteoblastic activity.\[[@ref2]\] It is this function, along with altered cytokine and growth factor expression, that is thought to inhibit the migration, adhesion, invasion and proliferation of tumor cells.\[[@ref4][@ref8]\]

More recently, studies have begun to focus on the ability of BPs to inhibit highly tumorigenic cells. There are several studies supporting the anti-tumor and the anti-metastatic effects of BPs.\[[@ref6][@ref7][@ref9]--[@ref11]\] These studies focus mainly on the reduction of metastatic bone disease by mediating osteoclast-focused bone resorption as well as the direct effect of inhibiting tumor cell adhesion to bone.\[[@ref7][@ref11][@ref12]\] This process is shown to occur via either the induction of apoptosis of osteoclasts, inhibition of growth factors, inhibition of angiogenesis and/or immunomodulation through the induction of γ/δ T-cells stimulation of both the innate and the adaptive immune responses.\[[@ref7][@ref11][@ref12]\] Moreover, BPs in animal models have also shown variable direct anti-tumor effects in a few cancers, including melanoma and cervical cancer models, suggesting that BPs may have direct anti-tumor potentials, leading some to suggest that BPs may prove to be useful agents as chemotherapeutics.\[[@ref6][@ref9][@ref10]\]

In this current study, we prove that ZA exerts greater anti-tumor effects on highly tumorigenic cells (PC3, MCF 7) compared with low- or non-tumorigenic (LNCaP, MCF 10a) cells by inhibiting cell proliferation and inducing apoptosis in a survivin, caspase 3 and 7-dependent manner.

MATERIALS AND METHODS {#sec1-2}
=====================

Cell lines and cell cultures {#sec2-1}
----------------------------

All experiments were performed using established human prostate cancer cell lines (PC3 and LNCaP) and human breast cancer and breast epithelial cell lines (MCF 7 and MCF 10a), respectively. We examined both an MCF 7 cell line originally acquired from ATCC in 1990 and a new MCF 7 cell line acquired in 2010, to account for variability in *CASPASE 3* expression over cell line passages. These cells were selected as representatives of highly tumorigenic (PC3, MCF 7) and low- or non-tumorigenic (LNCaP, MCF 10a) cells, respectively. MCF 7, PC3 and LNCaP cells were cultured in RPMI 1640 medium (Invitrogen, Carlsbad, CA, USA) with 10% fetal bovine serum, 100 units of penicillin, 100 μg/ml streptomycin and 1.0 mg/ml of hydrocortisone (Sigma Chemical Company, St. Louis, MO, USA). MCF 10a cells were cultured in MEBM medium with MEGM SingleQuot additives (BPE 13 mg/ml, hydrocortisone 0.5 mg/ml, hEGF 10 μg/ml and insulin 5 mg/ml) (Lonza, Walkersville, MD, USA) and cholera toxin 100 ng/ml. (Calbiochem-EMD4, San Diego, CA, USA). The cells were cultured at 37°C in a 5% CO~2~ air atmosphere until confluent and sub-cultured using a disaggregation assay with trypsin (0.1%) and EDTA (0.01%) in phosphate-buffered saline (PBS; pH 7.5). For all experiments, cells were grown in 6-, 24- or 96-well plates, and grown to 80% confluence. Control cells (NM) for all experiments were treated with the infusion solution alone in normal media (non-calcium containing infusion solution, 0.36% saline). All experiments were performed in triplicate and repeated on two separate occasions.

Drug treatments {#sec2-2}
---------------

ZA injectable acquired from leftover infusions (Zometa^®^ ; Novartis Pharmaceuticals Corp, East Hanover, NJ, USA) was used for all experiments at concentrations of 0.25, 0.5, 1, 3, 5 or 10 μM up to 24 h (pre-concentration baseline plasma level is 1 μM). The concentrations were selected because they are clinically relevant in patients receiving ZA as representative of the lower limits of estimated plasma concentrations following a 15-min infusion (infusion solution, 0.36% saline).\[[@ref13]--[@ref15]\] Cells were visualized, photographed and assayed during the 24-h treatment.

Direct microscopic observation {#sec2-3}
------------------------------

PC3, LNCaP, MCF 7 or MCF 10a cells were either left untreated (normal media or normal media with infusion solution, 0.36% saline) or exposed to ZA 0.25, 0.5, 1, 3, 5 or 10 μM diluted in non-calcium containing infusion solution and were examined for up to 24 h on a Zeiss Axiovert 135 microscope, with images captured using a digital Nikon capture system.

RT^2^ Profiler^tm^ polymerase chain reaction (PCR) array (PAHS-012A/ PAHS-027A) {#sec2-4}
-------------------------------------------------------------------------------

Cells were treated with either infusion solution alone as control or ZA 5 μM in normal infusion solution for 24 h and washed twice with PBS, followed by lysis using trypsin (0.1%) and EDTA (0.01%) in PBS pH 7.5. Total RNA was isolated using RNAqueous Kit^®^ as per manufacturer′s instructions (Ambion, Austin, TX, USA) and integrity and concentration were determined spectrophotometrically. A total of 1 μg of RNA was used with the RT ^2^ First Strand kit (C-03) (Superarray, Fredrick, MD, USA) with the addition of 2 μl of 2GE (5X gDNA elimination buffer). The RNA was incubated at 42°C for 5 min and placed on ice for 1 min. RT cocktail of 4 μl of BC3 (5Χ RT buffer 3), 1 μl of P2 (primer and external control mix), 2 μl RE3 (RT enzyme mix) and 3 μl of RNase-free water was added to each sample. The mixture was centrifuged, incubated at 42°C for 15 min and then heated at 95°C for 5 min and placed on ice.

PCR was performed using 25 μl of the following mixture: 1275 μl of 2X SuperArray RT ^2^ qPCR Master Mix, 102 μl diluted first strand cDNA synthesis reaction and 1173 μl of double-distilled water in the wells of a 96-well microtiter plate. The amplification process included one cycle for 10 min at 95°C, 40 cycles for 15 s at 95°C, followed by 40 cycles for 1 min at 60°C. Thermal cycling and fluorescence detection were performed using an ABI 5700 Prism (PE Applied Biosystems, Foster City, CA, USA). The signals of the target cDNAs were normalized by comparison with the housekeeping genes (GAPDH, Actin, reverse transcription control and positive PCR control) supplied within the 96-well microtiter plate. The normalized amount of each target mRNA present in each cell line was calculated by designating cells growing in normal medium with infusion solution without drug addition as a calibrator using a comparative Ct method following PE Biosystems protocols. Final calculations were made using a web-based PCR array data analysis tool (Superarray, Fredrick, MD, USA) with 1-fold difference set as baseline; however, only those over 1.5-fold were considered significant.

Cell proliferation {#sec2-5}
------------------

Cells were plated in 96-well plates using a density of 2,500 cells/well, and allowed to grow to 80% confluency. Subsequently, either infusion solution alone (control) or ZA 0.25, 0.5, 1, 3, 5 or 10 μM in infusion solution were added to the normal growth medium and incubated for 24 h. In separate experiments using the same control as above or ZA concentrations as above, caspase 3, 7 or survivin SignalSilence^®^ siRNA or scrambled control for each siRNA (Cell Signaling, Beverly, MA, USA) were added at 5 nM to 25 μl of media (Invitrogen), with the addition of 4 μl plus regent (Invitrogen), and allowed to incubate for 15 min, while 1 μl lipofectamine 2000 reagent (Invitrogen) was added to 25 μl of the media and incubated for 15 min. The siRNA was combined with the lipofectamine 2000 reagent and incubated for an additional 15 min at room temperature. The combined mix was then added to the cells, which were incubated at 37°C at 5% CO~2~ , followed by the addition of normal medium or the various ZA treatments for 24 h. Transfection efficiency was evaluated by immunofluorescence analysis. The cells were washed and subjected to the Cell Titer 96^®^ AQ~ueous~ Non-Radioactive MTS \[3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium)\] Cell Proliferation Assay (Promega, Madison, WI, USA), which was read at a wavelength of 490 nm, using a 96-well Dynatech MR4000 Microplate Palate Reader (Dynatech, Chantilly, VA, USA). The percentage of cell growth was determined by setting as 100% the growth of control cells treated only with infusion solution in normal media. All analyses were performed in triplicate and repeated on separate occasions.

Western blot analysis {#sec2-6}
---------------------

Cells were treated with either normal medium with infusion solution or ZA at 0.5, 1, 3, 5 or 10 μM for 24 h. Cells ice-cold PBS, followed by lysis with buffer (62.5 mM tris pH 6.8, 2% sodium dodecyl sulfate, 1% β-mercaptoethanol and 33 ml dH~2~O) for 10 min at 4°C. The wells were scraped and the recovered cell products were centrifuged at 40,000 g for 5 min. The recovered proteins were measured and equalized using a Bio-Rad Protein Assay (Bio-Rad Laboratories, Richmond, CA, USA) as per the manufacturer\'s instructions. Western blot analysis was performed using a polyclonal traf2 (C192), bcl2 (\#2876), Bax (\#2772), caspase 7 (\#9492), caspase9 (Asp330) antibody or a monoclonal caspase 3 (3G2) antibody (Cell Signaling, Beverly, MA, USA), a polyclonal traf4 (ALX-210-026) antibody (Alexis Biochemicals/Enzo, Farmingdale, NY, USA), a polyclonal bclxl (H-62) antibody (Santa Cruz Biotechnology Inc., Santa Cruz, CA, USA), a polyclonal survivin (ab469) antibody (Abcam, Cambridge, UK), a monoclonal caspase2 (ICH1 L) or polyclonal birc3 (HPA002317) and actin (AC-40) antibody (Sigma, St Louis, MO, USA). Actin antibody was used as a loading control.

Statistical analysis {#sec2-7}
--------------------

For all measurements, as needed, a t-test was employed to assess the statistical significance of the treated groups versus the control groups and applied to standard error measurements. Additionally, to analyze the proliferation data, a one-way ANOVA and Tukeys HSD statistics were applied. A statistically significant difference was considered to be present at *P* \< 0.05.

RESULTS {#sec1-3}
=======

ZA-induced apoptosis and cell growth inhibition {#sec2-8}
-----------------------------------------------

Physical signs of apoptosis in the individual highly tumorigenic prostate cancer cell line PC3 and low-tumorigenic cell line LNCaP exposed to 0, 0.25, 0.5, 1, 3, 5 or 10 μM of ZA were determined microscopically. PC3 cells initially showed apoptotic effects, including rounding, balling up and fragmentation at 1 μM, with increasing apoptotic effects seen in a dose-dependent manner, with the greatest effects seen at 5 and 10 μM\[[Figure 1a](#F1){ref-type="fig"}\]. In contrast, LNCaP cells showed no significant difference with increasing ZA concentrations, showing only minimal changes at 5 and 10 μM \[[Figure 1b](#F1){ref-type="fig"}\].

![Microscopic apoptosis analysis: (a) microscopic images of apoptosis in human prostate highly tumorigenic PC3 cells using either treatment with normal media with infusion solution (NM-Control) or zoledronic acid (ZA) at 0.5, 1, 3, 5 or 10 μM; showing the rounding, balling up and fragmentation of cells starting at 1 μM, with apoptotic effects seen in a dose-dependent manner, with the greatest effects seen at 5 and 10 μM (arrows) (×400 magnification). (b) Microscopic images of apoptosis in human low tumorigenic LNCaP cells using either treatment with normal media with infusion solution (NM) or ZA at 0.5, 1, 3, 5 or 10 μM; showing no significant difference with increasing ZA concentrations, showing only minimal changes at 5 and 10 μM (arrows). Cells were observed over 24 h, with images taken at 24 h (original magnification, ×400)](JC-10-2-g001){#F1}

The highly tumorigenic breast cancer cell line MCF 7 acted comparable to the PC 3 cells, showing apoptotic effects of cell rounding and fragmentation beginning at 3 μM and progressing in a dose-dependent manner up to 10 μM. This was not the case in the non-tumorigenic cell line MCF 10a, which showed similar effects to the LNCaP cells, being relatively unaffected by ZA. (Data not shown.)

RT^2^ Profiler^tm^ PCR array {#sec2-9}
----------------------------

RT^2^ profiler array analyses of highly tumorigenic (PC3, MCF 7) and low- or non-tumorigenic (LNCaP, MCF 10a) prostate and breast cell lines treated with 5 μM of ZA for 24 h demonstrated differential regulation of apoptotic genes. Many of the apoptotic genes that were significantly up- or down-regulated were among several families known to be members of the extrinsic (*TRAF* and *DEATH DOMAIN*) and intrinsic (*BCL*, *IAP* and *CASPASE*) pathways. Differences in the expression of several genes were observed between the highly tumorigenic and low- or non-tumorigenic cells. Among the most consistent genes over/under-expressed in these highly tumorigenic versus low- or non-tumorigenic cell lines (PC3, MCF 7 vs. LNCaP, MCF 10a) were *TRAF* family members: *TRAF2* (2.69,1.68 vs. 1.81, 1.39), *TRAF4* (1.71, 1.72 vs. 1.63, -1.83) and *TRADD* (1.12, 1.81 vs. -1.92, -1.86); *BCL2* family members: *BCL2* (1.26, 2.22 vs. 2.35, 1.13), *BCLXL* (-2.6, -1.47 VS 1.75, 1.25) and *BAX* (2.0, 1.03 vs. -2.35, 1.45); *CASPASE* family members: *CASPASE 2* (2.08, 2.28 vs. -2.77, 1.36), *CASPASE 3* (2.48, 1.15 vs. -1.66, \<1.0,), *CASPASE 7* (1.28, 2.08 vs. 1.18, 1.85) and *CASPASE 9* (1.67, 1.09 vs. -2.4, \<1.0); *IAP* family members: *BIRC3* (-2.14, 2.01 vs. 1.69, \<1.0) and *BIRC5* (survivin) (-4.53, -2.11 vs. 1.96, 1.57).

Cell proliferation {#sec2-10}
------------------

MTS assay results for prostate cancer cell lines showed a dose- and time-dependent response curve for the highly tumorigenic PC3 cells, having a gradual decrease in cell proliferation with the increasing ZA concentration and exposure time \[[Figure 2a](#F2){ref-type="fig"}\]. The PC3 cells showed a significant decrease in cell proliferation starting at 6 h at 10 μM, followed by 12 h at 3 μM and, finally, for all doses at 24 and 48 h. The low-tumorigenic LNCaP cell line showed only a significant decrease in proliferation starting at 24 and 48 h and, mainly, at the higher ZA concentrations of 5 and 10 μM \[[Figure 2b](#F2){ref-type="fig"}\].

![Cell proliferation: assessment of human prostate (PC3, LNCaP) and breast (MCF 7, MCF 10a) cancer cell proliferation using MTS assay following 6, 12, 24 or 48 h treatment compared with control cells and normal media with infusion solution (NM). (a, c) Decrease in tumor cell proliferation in a dose- and time-dependent manner in PC3 and MCF 7 cells following exposure to NM, 0.25, 0.5, 1, 3, 5 or 10 µM zoledronic acid (ZA) compared with control cells (NM). (b, d) Minimal decrease in tumor cell proliferation in LNCaP and MCF 10a cells following exposure to NM, 0.25, 0.5, 1, 3, 5 or 10 µM ZA compared with control cells (NM), showing that only high doses and long time periods decreased cell proliferation. Error bars indicate the standard errors of the means. The growth of control cells (NM) was set to 100%. \*Statistically significant (*P* \< 0.05) differences compared with control cells](JC-10-2-g002){#F2}

The MTS assay results for the breast cell lines demonstrated similar trends, with the highly tumorigenic MCF 7 cells showing both a dose- and time-response curve with ZA treatment, while non-tumorigenic MCF 10a cells were more resistant\[[Figure 2c](#F2){ref-type="fig"} and \[[d](#F2){ref-type="fig"}\].The MCF 7 cell line showed a significant decrease starting at 12 h at 1-10 μM, 24 h at 3-10 μM and 48 h at all doses. The MCF 10a cell line only showed a significant drop at 48 h at 5 μM and 10 μM.

Additional proliferation assays were performed at 48 h in the presence of increasing concentrations of ZA alone in the presence of control-scrambled siRNA or increasing ZA concentrations in the presence of caspase 3, 7 or survivin siRNA. The knock down of caspase 3 rescued the down-regulation of cell proliferation and resulted in levels near the control (NM) in both the highly tumorigenic PC3 (0.25 μM:107.9, 0.5 μM:99.9, 1 μM:106.4, 3 μM:101.2, 5 μM:89.4, 10 μM:85.9 and low-tumorigenic LNCaP cells (0.25 μM:88.1, 0.5 μM:103.4, 1 μM:99.7, 3 μM:100.1, 5 μM:91.8, 10 μM:90.4) \[[Figure 3a](#F3){ref-type="fig"} and \[[b](#F3){ref-type="fig"}\]. Significant differences from increasing doses of ZA alone were noted in the PC3 cells at 1 μM, 3 μM, 5 μM and 10 μM ZA doses (P \< 0.05). On the other hand, knock down of survivin resulted in a further decrease in the cell proliferation in both PC3 cells (0.25 μM:69.4, 0.5 μM:58.1, 1 μM:52, 3 μM:47.5, 5 μM:44.5, 10 μM:45.4) and LNCaP cells (0.25 μM:88.1, 0.5 μM:90.9, 1 μM:78.9, 3 μM:69.4, 5 μM:83.1, 10 μM:80.5) Significant decreases from ZA treatment alone were noted in the PC3 cells at 1 μM, 3 μM, 5 μM and 10 μM concentrations of ZA plus survivin siRNA (P \< 0.05).

![Alteration of cell proliferation: human prostate (PC3, LNCaP) and breast (MCF 7, MCF 10a) cancer cells following 48 h of treatment with normal media with infusion solution (NM) or 0.25, 0.5, 1, 3, 5 or 10 μM zoledronic acid (ZA) or these treatments combined with siRNA against caspase 3, 7 or survivin. (a, c) Decrease in cell proliferation in a dose- and time-dependent manner in PC3 and MCF 7 cells following exposure to 0.25, 0.5, 1, 3, 5 or 10 μM ZA compared with the control cells (NM). Caspase 3 siRNA signifi cantly reversed the effects of ZA on cell proliferation, starting at ZA concentrations of 1 μM in PC3 cells and Caspase 7 siRNA signifi cantly reversed the effects of ZA on cell proliferation, starting at ZA concentrations of 10 μM in MCF 7 cells compared with cells treated with ZA alone. Survivin siRNA showed a significant additional decrease in cell proliferation starting at ZA 1 μM in PC3 cells compared with cells treated with ZA alone. MCF 7 cells showed a decrease in cell proliferation at higher ZA concentrations; however, this was not significant. (b, d) Minimal decrease in tumor cell proliferation in a dose- and time-dependent manner in LNCaP and MCF 10a cells following exposure to 0.25, 0.5, 1, 3, 5 or 10 μM ZA compared with control cells (NM). Results demonstrate that caspase 3 siRNA in LNCaP cells significantly reversed the effects of ZA on cell proliferation at ZA concentrations of 5 and 10 μM. Survivin siRNA showed no significant additional decrease in cell proliferation. The growth of control cells (NM) was set to 100%. \*Statistically significant (P \< 0.05) differences compared with control cells (NM) for ZA only and control-scrambled siRNA for Caspase 3, 7 and survivin treated. †Statistically significant (P \< 0.05) differences following siRNA treatment compared with ZA treatment on a dose-dependent basis](JC-10-2-g003){#F3}

In the MCF 7 and 10a cells, the use of caspase 7 or 3 siRNA, respectively, rescued the down-regulation of cell proliferation seen with increasing concentrations of ZA: MCF 7 cells (0.25 μM:100, 0.5 μM:89.1, 1 μM:96.5, 3 μM:85.3, 5 μM:85.7, 10 μM:85.2) and MCF 10a cells (0.25 μM:98.2, 0.5 μM:98, 1 μM:100.1, 3 μM:103.2, 5 μM:101.2, 10 μM:99.4)\[[Figure 3C](#F3){ref-type="fig"} and [D](#F3){ref-type="fig"}\]. Significant reversal of cell proliferation was noted for MCF 7 cells at 10 μM and for MCF 10a cells at 5 μM and 10 μM concentrations of ZA (P \< 0.05). The addition of survivin siRNA with increasing ZA concentrations resulted in a further decrease of cell proliferation; however, only at the higher ZA levels: MCF 7 cells (0.25 μM:94.3, 0.5 μM:95.7, 1 μM:83.5, 3 μM:70.4, 5 μM:65.5, 10 μM:57.7) and MCF 10a cells (0.25 μM:98.2, 0.5 μM:98, 1 μM:87.4, 3 μM:81.4, 5 μM:75.11, 10 μM:76.5). The rescue with caspase 3 was significantly greater in the MCF 10a cells, while the reduction in cell proliferation was greater in the MCF 7 cells treated with ZA and survivin siRNA inhibition.

Western blot analysis {#sec2-11}
---------------------

Several apoptotic and anti-apoptotic proteins were consistently affected by various concentrations of ZA in the highly tumorigenic versus low- or non-tumorigenic cell lines, showing consistent results with the RNA arrays. Following 24 h of exposure to normal media with infusion solution or 0.5, 1, 3, 5 and 10 μM doses of ZA, several apoptotic proteins were differentially expressed in the highly tumorigenic PC3 cell line versus the low-tumorigenic LNCaP cell line \[[Figure 4](#F4){ref-type="fig"}\], including an increase in the cleavage of caspase 2, 3 and 9 proteins and an increase in the expression levels of bax in PC3 cells with increasing doses of ZA, while the LNCaP cells showed only a slight increase in the cleavage of caspase 2 and 9 and maintenance of a constant level of expression of bax. Additionally, several anti-apoptotic proteins showed decreased expression in PC3 cells, the expression of bcl2 and bclxl proteins decreasing with increasing concentrations of ZA. However, there was no change in the LNCaP cell line. Survivin, an inhibitor of apoptosis (IAP), revealed a significant decreased expression at the 5 and 10 μM concentrations of ZA in PC3 cells, in contrast to LNCaP cells, where survivin expression showed a minimal change. Another member of the IAP family, birc3, showed decreased expression in the presence of higher concentrations of ZA in the PC3 cell line, while in the LNCaP cell line, its expression remained relatively constant. Surface death domain proteins, members of the traf family, revealed a gradual increase in traf2 expression with high ZA concentrations in the PC3 cell line, although there was only a slight increase in traf4 expression with the expression of traf4 falling off at 10 μM of ZA. This contrasts with the LNCaP cell line, where the expression of both traf2 and traf4 remained constant.

![Western blot analysis: assessment of human prostate cancer cells (a) PC3 and (b) LNCaP demonstrating that following 24 h of exposure to normal media with infusion solution (NM) or 0.5, 1, 3, 5 and 10 μM doses of zoledronic acid (ZA), several apoptotic and anti-apoptotic proteins were differentially expressed in the highly tumorigenic PC3 cell line. Several apoptotic proteins were over-expressed, including bax and the increased cleavage of caspase proteins 2, 3 and 9, with increasing dose of ZA. Additionally, several anti-apoptotic proteins were downregulated in PC3 cells, including bcl2, bclxl, survivin and birc3. Surface death domain proteins, traf2 and 4 showed minimal change. Actin was used as the loading control](JC-10-2-g004){#F4}

Similarly, apoptotic and anti-apoptotic proteins were consistently affected by ZA in the highly tumorigenic MCF 7 versus non-tumorigenic MCF 10a cell lines, consistent with the RNA arrays following 24 h of exposure to normal media with infusion solution or 0.5, 1, 3, 5 and 10 μM doses of ZA \[[Figure 5](#F5){ref-type="fig"}\]. Here, the MCF 7 cells showed an increase in the activity of apoptotic proteins, including the cleavage of caspase proteins 2, 7 and 9, and the gradual expression of bax with increasing ZA concentration, while MCF 10a cells showed minimal effect. Moreover, the expression of the anti-apoptotic protein bcl2 showed a decrease in protein expression, while bclxl remained constant with increasing concentrations of ZA in MCF 7 cells. However, both remained unchanged in MCF 10a cells. Survivin showed a dramatic dose-dependent decrease in the expression in MCF 7 cells, but remained stable in MCF 10a cells. The protein birc3 was down-regulated with increasing doses of ZA in both the MCF 7 and MCF 10a cell lines. As for the surface death domain proteins, members of the traf family in the MCF 7 cell line showed an up-regulation of traf 4, while traf 2 expression remained constant. On the other hand, MCF 10a cells revealed a decrease in the protein expression of traf2. Actin served as an independent control for all Western blots.

![Western blot analysis: assessment of human breast cancer cells (a) MCF 7 and (b) MCF 10a demonstrating that following 24 h of exposure to normal media with infusion solution (NM) or 0.5, 1, 3, 5 and 10 μM doses of ZA, several apoptotic and anti-apoptotic proteins were differentially expressed in the highly tumorigenic MCF 7 cell line. Several apoptotic proteins were overexpressed, including the increased cleavage of caspase proteins 2, 7 and 9 with increasing dose of ZA. Additionally, several anti-apoptotic proteins were down-regulated in MCF 7 cells, including bcl2, survivin and birc3. Surface death domain protein, traf4 showed up-regulation in MCF 7 cells. Actin was used as the loading control](JC-10-2-g005){#F5}

DISCUSSION {#sec1-4}
==========

This study provides proof that ZA has the potential to directly inhibit cell proliferation while inducing apoptosis in highly tumorigenic, highly proliferative cancer cells, similar to other chemotherapeutics used in prostate and breast cancer.\[[@ref16][@ref17]\] Our microscopic examination studies clearly demonstrated that ZA induced a dose-dependent increase in the levels of apoptosis in the highly tumorigenic PC3 and MCF 7 cell lines, while the low-tumorigenic, LNCaP and non-tumorigenic MCF 10a cells showed apoptosis resistance at comparable concentrations. These findings are consistent with recent clinical studies (AZURE trial), indicating that the combination of chemotherapy and ZA could possibly provide direct anti-tumor effects.\[[@ref10][@ref16][@ref17]\]

Cell proliferation assays confirmed our findings from apoptosis assays. Here, the highly tumorigenic cells (PC3, MCF 7) demonstrated a combined dose and time response concentration curve, while the low-tumorigenic and non-tumorigenic cells (LNCaP and MCF 10a, respectively) showed resistance to the effects of ZA on cell proliferation. Moreover, inhibiting the terminal effectors of apoptosis, caspase 3 and caspase 7, allowed for the rescue of cell proliferation in the highly tumorigenic cell lines, while inhibiting survivin, an inhibitor of apoptosis, further increased the effects of ZA on these cell lines. This effect was mitigated in the low- and non-tumorigenic cells. This suggests that the molecular mechanisms associated with apoptosis and cell proliferation within the highly tumorigenic PC3 and MCF 7 cell lines are more sensitive to ZA than the low- and non-tumorigenic LNCaP and MCF 10a lines, respectively. Taken together, ZA was effective in preventing cell proliferation and inducing apoptosis within the highly tumorigenic cell lines. These results support the specificity of ZA as an inhibitor of metastatic and highly tumorigenic cancer formation, not only by affecting bone turnover but also by directly affecting metastatic and highly tumorigenic cells.\[[@ref7][@ref11][@ref12]\]

In order to determine the molecular signaling pathways involved in the ZA-induced down-regulation of cell proliferation and up-regulation of apoptosis, we compared the array findings with translational effects on protein expression. The RT^2^ profiler gene expression analysis demonstrated a differential expression in genes of the extrinsic (*TRAF* and *DEATH DOMAIN*) and intrinsic (*BCL*, *IAP* and *CASPASE*) apoptotic pathways for all cell lines. Thus, the differential gene expression played a role in driving decreased cell proliferation and increased apoptosis in highly tumorigenic cell lines PC3 and MCF 7 cells in comparison with the low- and non-tumorigenic cell lines LNCaP and MCF 10a in the presence of ZA.

When we evaluated the highly tumorigenic cell lines (PC3 and MCF 7), the extrinsic apoptotic pathway showed an up-regulation of *TRAF2*, *TRAF4* and *TRADD* on the RNA side, while the translational protein expression profile showed an increased regulation of *TRAF2* in *PC3* and an increased regulation of TRAF4 in MCF 7 cells. The intrinsic apoptotic pathway had a more dramatic correlation. Here, the pro-apoptotic genes included *CASPASE 2*, *3*, *7* and *9*, which showed a greater up-regulation on the RNA level. This correlated directly with a translational increase in cleaved caspase 2, 3, 7 and 9 and activation in these highly tumorigenic cells. Conversely, when we examined the anti-apoptotic genes *BCL2*, *BCLXL*, *SURVIVIN* and *BIRC3*, we found that all were significantly down-regulated in the PC3 cells, while only *BCLXL* and *SURVIVIN* were down-regulated in the MCF 7 cells. On the translational side, all proteins were down-regulated to a greater extent than the low- or non-tumorigenic cell lines, with the exception of *BCLXL*.

The uncoupling of transcription and translation explains the limited conflict between the RT^2^ profiler experiment and the Western blot analysis.\[[@ref18]\] Interestingly, prior studies have shown a reduction in *BCL2* and *BCLXL* and an increase in *BAX* and *CASPASE 2*, *3* and *9* expression in the presence of a third-generation BP (ZA) in metastatic cancer cell lines, suggesting that the principal target of ZA is the inhibition of the mevalonate pathway, which in turn would modulate the *BCL2* gene family leading to mitochondrial-dependent apoptosis and the down-regulation of IAPs.\[[@ref19]\] This study shows that in highly tumorigenic prostate and breast cancer cell lines, this occurs in a *CASPASE 3 (PC3)* and *CASPASE 7 (MCF 7)*-dependent manner, while in low- and non-tumorigenic cells, this phenomenon is reversed. This effect is proven by the fact that the addition of siRNA against caspase 3 in PC3 or caspase 7 in MCF 7 significantly reversed the effects of ZA, again supporting the specificity of the effects.

Additionally, we have shown that survivin, which is consistently over-expressed in metastatic tumors and is well known to play a role in the inhibition of apoptosis of tumor cells, is down-regulated in highly tumorigenic cells secondary to ZA treatment in a dose- and time-dependent manner.\[[@ref20][@ref21]\] Recently, survivin, a member of the inhibitor of apoptosis family, along with birc3 was shown to be a considerable marker in the identification of breast cancer metastasis.\[[@ref22]\] Further, survivin has been determined to be a prognostic marker and therapeutic target for metastatic prostate cancer. \[[@ref23]\] Therefore, the down-regulation of survivin and its family member birc3 may prove to have significant clinical benefits. In fact, the addition of siRNA inhibition of survivin resulted in an additional down-regulation of cell proliferation in highly tumorigenic cells.\[[@ref24][@ref25]\]

CONCLUSIONS {#sec1-5}
===========

Our research demonstrates that ZA suppresses cell proliferation and induces apoptosis at both the transcriptional and the translational levels in highly tumorigenic prostate and breast cancer cell lines in a survivin- and caspase 3 or 7-dependent manner. Conversely, the low- and non-tumorigenic cell lines are resistant, lacking a down-regulation of these genes, both transcriptionally and translationally. Therefore, ZA is shown to not only potentially inhibit the metastasis of prostate and breast cancer by preventing their ability to invade bone but also in a direct manner by inhibiting cell proliferation and inducing apoptosis of metastatic/highly tumorigenic cancer cells. Further research is certainly needed to elucidate the exact mechanism and signaling pathways by which ZA acts on highly tumorigenic cells, to determine future interventional implications.
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